[1] We estimate stress drops and radiated seismic energies of 20 microearthquakes (0.0 < M W < 1.3) in a South African gold mine to investigate their rupture characteristics and scaling relationships to large earthquakes. We analyze seismograms of borehole accelerometers recorded with high sampling rate (15 kHz) within 200 m of the hypocenters at the depth of 2650 m. The waveform data have very high signal-to-noise ratio and no significant later phases are observed at all stations. Corner frequencies and quality factors of the anelastic attenuation Q are estimated from spectra of velocity seismograms by assuming the omega squared model of Boatwright (1978) . We also investigate moment tensors for double couple solutions and volumetric components from the waveform inversion. Static stress drops of the 20 earthquakes calculated from the model of Madariaga (1976) are from 3.2 to 88 MPa and scaled energies (= E R /M o ; the ratio of the radiated energy E R to the seismic moment M o ) are from 4.2 Â 10 À6 to 1.1 Â 10 À4 . We find that both the static stress drops and the scaled energies of the analyzed earthquakes are comparable to those values of larger earthquakes. Our results indicate that the dynamic rupture processes of these microearthquakes are similar to those of larger earthquakes.
Introduction
[2] Source parameters of small earthquakes are important for understanding the differences and similarities between dynamic ruptures of small and large earthquakes and clarifying the scaling relations. However, it is often difficult to accurately determine source parameters of small earthquakes because the relatively high-frequency seismic waves excited by small earthquakes are easily scattered and attenuated along the path. To overcome this problem, we analyze the high-frequency recordings of earthquakes at very close distances in the Mponeng gold mine in South Africa. We focus on the static stress drops and radiated seismic energies for these microearthquakes and investigate how these source parameters are related to the values for larger earthquakes.
[3] Radiated seismic energy is an important parameter that represents the dynamic characteristic of the earthquake rupture. Ide and Beroza [2001] reexamined previous studies of relationships between seismic moments and scaled energies or ratios of radiated seismic energy to seismic moment. They concluded that scaled energies were almost constant in the range of 10 À6 to 10 À3 for earthquakes with À4 < M W < 8. Their results emphasized the importance of the highfrequency energy content that is sometimes not sufficiently recorded in the seismograms.
[4] Prieto et al. [2004] studied source parameters by analyzing spectra of small earthquakes (M L = 0.5-3.4) in southern California. They concluded that the spectral shapes were self-similar, suggesting that the static stress drops are constant. They also found that scaled energies were about 3 Â 10 À5 and nearly constant over the magnitude range from M L = 1.8 to 3.4. Ide et al. [2004] analyzed radiated seismic energies of the 2000 Western Tottori, Japan, earthquake (M W = 6.6) and its aftershocks by using recordings with 1 kHz sampling and obtained that the scaled energies were from 10 À6 to 10
À3
. Mayeda et al. [2005] estimated radiated seismic energies of five large earthquakes and their aftershocks (3.7 M W 7.4). They concluded that the scaled energies were in the range between 10 À7 and 10
À4
. Venkataraman et al. [2006] analyzed spectral similarities of microearthquakes in western Nagano, Japan and estimated their radiated seismic energies. They found that scaled energies were from 10 À6 to 10
. These results indicated that the scaled energies were between 10 À7 and 10 À3 for earthquakes with seismic moments from 10 9 to 10 22 Nm.
[5] In a more detailed analysis of microearthquakes, Yamada et al. [2005] carried out waveform inversions for five induced earthquakes (0.8 < M L < 1.4) in the Mponeng gold mine in South Africa to study the source processes. They found that the five microearthquakes had complex slip histories similar to large earthquakes. They concluded that rupture speeds of these microearthquakes were faster than 2.5 km/s, which corresponds to 65% of the shear wave velocity, and are comparable to values for large earthquakes. They also estimated static stress drops and apparent stresses and found values similar to those for large earthquakes. Their results suggested that the dynamic rupture processes of the analyzed microearthquakes were similar to those of natural large earthquakes and there are no large differences in the dynamic rupture behavior between small and large earthquakes.
[6] In this study we expand the source parameter investigation for microearthquakes in the mine by estimating static stress drops and radiated seismic energies of 20 earthquakes (0.0 < M W < 1.3). We select earthquakes with M W > 0.0 whose hypocentral distances are less than 200 m. We then estimate moment tensors for these 28 earthquakes. We select 20 earthquakes that have all the absolute values of the radiation pattern coefficients greater than 0.1 at more than two stations. This is because low radiation pattern coefficients may cause large ambiguities for estimated source parameters (see section 4).
[7] First, we describe the data and the spectral analyses for estimating corner frequencies and quality factors of the anelastic attenuation Q. Since induced earthquakes may have implosive components associated with the coseismic stope closure [e.g., McGarr, 1992] , we carry out moment tensor inversions for estimating the volumetric components and determining seismic moments of best-fit double couples. Finally, we calculate radiated seismic energies and investigate the relationships between the analyzed microearthquakes and larger earthquakes.
South African Mine Data
[8] In South African gold mines the stress concentrations due to the excavation induce many small earthquakes and tremors in front of tabular stopes [e.g., McGarr et al., 1975 [e.g., McGarr et al., , 1979 . We can observe these earthquakes very near the source areas since dense seismic networks were installed in the inferred seismogenic areas in advance of the excavation.
[9] Nine triaxial borehole accelerometers were installed within 200 m along a 2650-m-deep haulage tunnel in the Mponeng gold mine [Sumitomo, 1998] . The excavation of a gold reef dipping 20 degrees southeast had been carried out 50 m above the tunnel (Figure 1) [Yamada et al., 2005] .
[10] The earthquakes analyzed in this study occurred within 200 m of the stations (Figure 2 ). Figure 3 shows examples of observed waveforms indicating that they have very high signal-to-noise ratios. No significant later phases are observed in Figure 3a , suggesting that the medium is quite homogeneous. We can also see that waveforms of a blast are simple and observed waveforms of a microearthquake are relatively complex. It indicates that the complexity in the waveforms of microearthquakes comes from the source effect.
Static Parameters

Anelastic Attenuation and Corner Frequency
[11] Quality factor of anelastic attenuation Q can be defined [e.g., Shearer, 1999] 
where E is the peak strain energy and ÀDE is the energy loss per cycle. Equation (1) can be written in terms of the wave amplitude A( f ),
where f, L, A 0 , and C denote frequency, length of the propagation path, amplitude without attenuation effect, and wave type (P or S), respectively. We can see that the anelastic effect becomes more dominant for longer propagation paths and higher frequencies, so it is important in analyzing smaller earthquakes.
[12] To correct the waveforms for the effects of the anelastic attenuation, we use spectra of SV and SH components and estimate frequency-independent attenuation coefficient of S wave Q S for each source-receiver path and the corner frequency of each earthquake. Regional Q values can vary widely in mines [e.g., Spottiswoode, 1993] and assuming a constant Q may not be appropriate in this study. For this reason we estimate Q for each source-receiver path. Following Boatwright [1978] , we approximate the velocity amplitude spectra j _ u( f )j of SV and SH waves as
where R A is the radiation pattern coefficient of wave type A (SV or SH). Q A and f c A are Q S and f c S estimated from the spectra of SV and SH waves. L, r, and M o are the hypocentral distance, density, and seismic moment, respectively. We use the values of V S = 3.83 km/s and r = 2.64 Â 10 3 kg/m 3 [Yamada et al., 2005] . 116.4, 56.6, 2594.8) . This ''event'' is probably a blast because the polarities of the P waves are compressional at all stations and the source duration is very short. (b) Earthquake 13 (M W = 0.11) band-passed filtered from 30 to 1500 Hz. Waveforms in Figure 3a are very simple, suggesting that the medium is almost homogeneous and does not produce significant later phases.
[13] Following Ide et al.
[2003], we take the logarithm of the equation (3),
and solve this linear inverse problem of 1/Q A and R A M o for fixed f c A . We find R A M o , Q A , and f c A for each station by a grid search that give the minimum residual
where s i is the standard deviation for each data point calculated in resampling the spectrum.
[14] Then we estimate the value 1/Q S for each path as the average value of 1/Q SV and 1/Q SH at each station. The corner frequency of S-wave source spectrum for each earthquake f c S is calculated by taking the average of f c SV and f c SH at all stations. Q P and f c P are not calculated from the spectra of P waves. This is because the source durations are significantly longer than S À P times at several stations and P waves may be contaminated by S waves and S to P conversions. We estimate Q P values from the following equation, assuming that the attenuation occurs entirely in shear associated with lateral movements of lattice effects and grain boundaries [e.g., Lay and Wallace, 1995; Shearer, 1999] ,
We use the value V P /V S of 1.57 obtained by Yamada et al. [2005] , so Q P = 1.85Q S . The values of Q P and Q S are used for making Q-corrected waveforms. We have checked that even if we use Q P = Q S , the calculated values of radiated energies are changed less than 10% (see section 4).
[15] Figure 4 shows the velocity amplitude spectra of the SH component of event 13. Black and gray lines show . Velocity spectra for SH components of earthquake 13. Thick gray and black lines indicate spectra (1.0 ms before to 67.3 ms after P arrivals) with and without Q correction. Thin gray lines are noise spectra (from 35.2 ms to 1.0 ms before P arrival). Dashed lines show fitted omega squared models. L indicates the hypocentral distance. The spectral shapes can be described well by the omega squared model [Boatwright, 1978] .
observed and Q-corrected velocity spectra, respectively. Dashed lines indicate the fitted omega square model [Boatwright, 1978] . We can see that the model fits the data well. Figure 5 shows the relation between hypocentral distances and obtained Q S values. The Q S values show a weak increase with the increase of the hypocentral distance. One reason may be that the media around the haulage has relatively small Q S values, though we assume the Q S values are constant for whole of ray paths.
Focal Mechanism and Volumetric Component
[16] It has been shown that seismic events in mines are usually the result of shear failure [McGarr, 1971] and similar to natural earthquakes with regard to mechanisms, source parameters [e.g., Spottiswoode and McGarr, 1975; McGarr et al., 1981] , and excavated fault segmentations [e.g., Gay and Ortlepp, 1979; Ortlepp, 1997] . On the other hand, McGarr [1992] analyzed an event that occurred on a normal fault causing an offset of a stope and showed that the event had a substantial implosive component corresponding to the coseismic stope closure.
[17] We carry out moment tensor inversions including volumetric components to investigate the amount of the volumetric component. We use Q-corrected displacement waveforms band-passed filtered from 30 to 70 Hz (for earthquakes 1 and 2) and from 30 to 100 Hz (earthquakes 3 -20).
[18] The full moment tensor M can be diagonalized with three orthogonal dipoles [e.g., Aki and Richards, 1980; Lay and Wallace, 1995] , If jm 11 j ! jm 22 j ! jm 33 j, the second term of the equation (8) can be written as . Relationship between quality factor for S waves Q S and hypocentral distances for all the ray paths. There is a weak increase of Q S with the increase of the hypocentral distance. One possible reason is that the media around the haulage has a relatively lower Q S value.
Figure 6. Observed and synthetic waveforms of earthquake 13 for the moment tensor inversion. Solid black lines show observed waveforms. Solid gray and black dashed lines indicate synthetic waveforms with and without the volumetric component, respectively. Synthetic SV and SH waves fit well for both cases, but observed P waves cannot be adequately reproduced without the volumetric component.
The first term on the right side of the equation (9) is a compensated linear vector dipole (CLVD). The second term represents the best-fit double couple and the scalar jm 11 + 1 2 m 33 j is its moment. In this study, moments for the best-fit double couples M o jm 11 + 1 2 m 33 j are referred to as seismic moments and used for estimating static stress drops and scaled energies.
[19] We carry out the moment tensor inversion with and without the volumetric component and then evaluate which model is better by using the Akaike Information Criterion (AIC) [Akaike, 1974] . AIC is calculated from the equation
where k, n, and RSS indicate the number of parameters, the number of observation points, and the residual sum of squares, respectively. The models with smaller values of AIC represent better fits. The number of parameters k is six or five (with or without volumetric component, respectively). There are sufficient data points n for the inversion because more than five stations are used for all earthquakes and each station has three components. RSS of the model with the volumetric component is around 10% smaller than that of the model without the component for all microearthquakes, which means that the model with the volumetric component has smaller AIC. This suggests that volumetric components for all the microearthquakes are significant.
[20] Figure 6 shows observed and synthetic displacement waveforms with and without the volumetric component for earthquake 13. The amplitudes of P waves cannot be adequately reproduced without the volumetric component, which also suggests the significance of volumetric components for earthquakes analyzed in this study.
[21] Figure 7 shows the results of moment tensor inversions on lower hemisphere projections. For each earthquake, mechanisms on the left are deviatoric moments without volumetric components, and mechanisms on the right include the volumetric components. Earthquakes 1 and 2 in this study correspond to earthquakes 1 and 3, respectively, in the work of Yamada et al. [2005] . The focal mechanisms for both earthquakes obtained in this study are consistent with those by Yamada et al. [2005] . We confirmed that the other three earthquakes in the work of Yamada et al. [2005] also have focal mechanisms consistent with those obtained by the moment tensor inversion, although they are not used in this study because they have only two stations where all the absolute values of the radiation pattern coefficients are greater than 0.1 (see section 4).
[22] The amount of the volumetric component is calculated by the following ratio,
Negative value of the ratio indicates an implosive volume change, and positive means an explosive change.
[23] Table 1 shows nodal planes of best-fit double couples and ratios of volumetric components for the analyzed 20 microearthquakes. It has been shown that normal faulting earthquakes are usually induced in front of stopes because vertical stresses are concentrated there due to tabular excavations [e.g., McGarr, 1971; McGarr et al., 1975 McGarr et al., , 1979 . Sixteen out of the 20 microearthquakes analyzed in this study have normal faulting mechanisms consistent with the previous studies.
[24] Figure 8 shows the ratio of the volumetric component to the seismic moment. We cannot see any systematic relationship, but some earthquakes have significant implosive volumetric changes. The implosive components might be caused by the coseismic stope closure, as pointed out by McGarr [1992] . However, the earthquakes analyzed in this study are not extremely close to the stope and there are no faults and dikes causing offsets of the reef in and around the observation field [Ogasawara and The Research Group for Semicontrolled Earthquake-generation Experiments in South African Deep Gold Mines, 2002] , so the implosive components may not be readily attributed to the closure of the stope. Another possibility is the closure of the preexisting cracks. For calculation of radiated seismic energies in the following section, we consider the effect of the volu- Table 1 ). metric components, and estimate the radiated seismic energies only due to the shear failure.
Static Stress Drop
[25] If an earthquake is caused by the dislocation on a circular fault with radius r, the static stress drop Ds s can be written from Eshelby [1957] as
[26] We calculate the static stress drop following Madariaga [1976] ,
where M o is the seismic moment for the best-fit double couple (see the section 3.2).
[27] Figure 9 and Table 2 show static stress drops and other static source parameters of the 20 microearthquakes. Static stress drops are from 3.2 to 88 MPa. These values are of the same order as those for large earthquakes. The model of Madariaga [1976] assumes that the rupture speed is 90% of the shear wave velocity and is generally consistent with the rupture speeds obtained by Yamada et al. [2005] . This suggests it is appropriate that we use the model of Madariaga [1976] for estimating static stress drops of the microearthquakes in this study. Brune [1970] approximated the dynamic solution assuming that rupture occurred instantaneously on the fault. If we use the model of Brune [1970] for the calculation of stress drops, the values are from 0.57 to 16 MPa. They are around a factor of six smaller than those estimated from the model of Madariaga [1976] .
Dynamic Source Parameters: Radiated Seismic Energy
[28] The release of the strain energy by earthquakes can be divided into frictional energy, radiated seismic energy, and fracture energy. If the stress-displacement relation of particles on a fault obeys a simple slip weakening law [Ida, 1972] , we can schematically write the energy balance of earthquakes as shown in Figure 10 . D is the total displacement. D c is the critical displacement or the slip-weakening distance, which is the displacement required for reducing the stress on the fault to the frictional stress. Here, s 0 , s p , and s f are initial stress, yielding stress, and frictional stress. If there are neither overshoot nor undershoot of the stress at the arrest of the slip on the fault, the static stress drop is described as s 0 À s f . E F , E R , and E G are frictional energy, radiated seismic energy, and fracture energy, respectively.
[29] Radiated seismic energy is one of the most fundamental parameters for describing the dynamics during the earthquake rupture and it can be estimated from the observed waveforms. We calculate radiated seismic energies and scaled energies of the 20 earthquakes from the Q-corrected velocity waveforms. For radiated energies from S waves (E S ) we use the following equation [e.g., Spottiswoode and McGarr, 1975] ,
where v A (t) is velocity seismogram with Q correction. A is the wave type, SV or SH. For the calculation of radiated energies from P waves (E P ), we use the following equation to correct for the effect of the volumetric change and calculate the radiated seismic energy associated with the shear rupture,
C v is the correction term of the volumetric component. As the radiation pattern coefficient for the volumetric change is 1.0 everywhere on a sphere, C v can be written in the form of equation (16) if we assume that the source time function of the volumetric component is the same as that of the double couple component. The CLVD component is neglected in the equation (16). Because CLVD components are small compared to those of the best-fit double couple for microearthquakes analyzed in this study, this simplification does not cause significant effects for the calculated radiated seismic energies. We use the density of quartzite; r = 2.64 Â 10 3 kg/m 3 [Touloukian et al., 1989] . V C and T dur C (C is the wave type, P or S) are the wave velocity and source duration. The shortest S À P time is about 7 ms, so we use different T dur C values for P and S waves, 6 ms for P waves and 15 ms Stress is plotted as a function of displacement times area. E G , E R , and E F correspond to the fracture energy, radiated seismic energy, and frictional energy, respectively. D is the total displacement and D c is the critical displacement, or slip-weakening distance. Here s 0 , s p , and s f are the initial stress, yielding stress, and frictional stress, respectively.
for S waves. R C is a coefficient of the radiation pattern at each station. hR C i is the averaged value of radiation pattern coefficient. We use and Richards, 1980] .
[30] We only use the data of stations in calculating radiated seismic energies where all the absolute values of coefficients R P , R SV , and R SH are greater than 0.1. This is because if R C is too small, then the correction term (hR C i/ R C ) 2 will become extremely large and the calculated energy may have large ambiguities. We also do not use earthquakes recorded on less than three stations after discarding stations with smaller absolute values of radiation pattern coefficients than 0.1.
[31] Table 3 shows radiated seismic energies E R = E P + E S and scaled energies E R /M o of the 20 microearthquakes analyzed in this study. We use waves with frequencies from 30 Hz to 1500 Hz in the calculation of the radiated seismic energy. Because corner frequencies of analyzed 20 earth- Venkataraman et al. [2000 Venkataraman et al. [ , 2002 , Wald [1995] , Wald and Heaton [1994] , and Wald et al. [1996] . Cited on the figure in addition are Abercrombie [1995] , Matsuzawa et al. [2002 Matsuzawa et al. [ , 2004 , and Mori et al. [2003] .
quakes are less than 300 Hz (see Table 2 ), the radiated seismic energies calculated in this study include waves which have much higher frequencies than the corner frequencies, so there should be sufficient bandwidth to measure the energy.
[32] We find that scaled energies are from 4.2 Â 10 À6 to 1.1 Â 10
À4
. Figure 11 shows the relationships between seismic moments and scaled energies for earthquakes with À2 < M W < 8, including published results from a number of studies. Scaled energies of microearthquakes analyzed in this study are about the same as the values for large earthquakes (M W > 6), and the same or higher than moderate and small earthquakes (À2 M W 6).
[33] Figure 12 shows the relationships between static stress drops and apparent stresses, which are products of the rigidity and scaled energies, of analyzed 20 microearthquakes in this study. The rigidity m is calculated from the density r = 2.64 Â 10 3 kg/m 3 and the shear wave velocity V S = 3.83 Â 10 3 m/s [Yamada et al., 2005] as m = r Â V S 2 = 3.87 Â 10 10 N/m 2 . We can clearly see that both static stress drops and apparent stresses (or scaled energies) are of the same order as values for larger earthquakes.
Discussion
[34] We find that the static stress drops of the 20 microearthquakes (0.0 < M W < 1.3) calculated from the model of Madariaga [1976] are from 3.2 to 88 MPa, which are similar to values of larger earthquakes. We also calculate the radiated seismic energies of the earthquakes and find that the scaled energies are from 4.2 Â 10 À6 to 1.1 Â 10 À4 . These values are also about the same as the values for large earthquakes (M W > 6), and the same or higher than the values for moderate and small earthquakes (À2 M W 6). Our results show that both the static stress drops and the scaled energies of analyzed microearthquakes are comparable to those of larger earthquakes. This indicates that the dynamic rupture processes of these microearthquakes are likely to be similar to those of larger earthquakes.
[35] Yamada et al. [2005] analyzed rupture speeds of five induced earthquakes (0.8 < M L < 1.4) in the same mine and found that their rupture speeds were faster than 65% of the shear wave velocity. The radiation efficiency, which is defined as E R /(E G + E R ) in Figure 10 , is written as a function of the rupture speed and increases monotonically with the increase of the rupture speed [e.g., Fossum and Freund, 1975; Husseini and Randall, 1976; Kanamori and Heaton, 2000; Venkataraman and Kanamori, 2004; Yamada et al., 2005] . Their results indicated that there would be no large differences in the dynamic behavior of ruptures between microearthquakes in the mine and larger earthquakes and are consistent with the results of this study.
[36] Our results of radiated seismic energies are about an order of magnitude larger than the results of Richardson and Jordan [2002] , who also analyzed radiated energies of earthquakes in South African mines. One reason may be the difference of the observation system. Our accelerometers have a flat response to frequencies up to 1500 Hz [Yamada et al., 2005] and it is sufficient for analyzing source parameters of microearthquakes with M W 0, whose corner frequencies are around 300 Hz. Another reason may be hypocentral distances and related Q correction. In our analysis the maximum hypocentral distance is less than 200 m, which is less than 20 times of wave length of the shear wave with 300 Hz, and Q correction does not change estimated results very much (see Figure 11 , for example).
[37] Figure 11 shows a large variety of scaled energies for earthquakes smaller than M W ' 6. We find that scaled energies of microearthquakes in a South African mine are about the same as the values for large earthquakes with M W > 6. On the other hand, Oye et al. [2005] analyzed induced earthquakes in a mine in Finland (À1.8 M W 1.2) and obtained very small scaled energies. Such variety can simply reflect the different physical environment of each studied region, including geology and depth. However, a large variety can also be seen within the same earthquake sequence [e.g., Venkataraman et al., 2006] . Also, scaled energies of large earthquakes have smaller variety (though subduction zone earthquakes are not included in Figure 11 because they occur in obviously special settings). This suggests that the large spread of scaled energies for moderate and small earthquakes can also be a result of the small spatial scale itself. Small earthquakes can reflect strong heterogeneities in stress and strength over a limited spatial extent, whereas they may be averaged out in large earthquakes. If smaller earthquakes have larger range of source parameters that reflect strong heterogeneities, it is possible that some small earthquakes have significantly higher stress drops and higher scaled energies. There are a few studies on moderate and small earthquakes with high stress drops [e.g., Viegas et al., 2005] . More consistent compilations of precise source parameters, especially for small earthquakes, could provide insights into the physical process during the earthquake rupture.
Conclusion
[38] We study the static stress drops and scaled energies of 20 microearthquakes induced in a South African gold mine and find that both the static stress drop and the scaled energy are of the same order of values for larger earthquakes. This similarity suggests that the dynamic rupture processes of these microearthquakes are not significantly Figure 12 . Relationships between static stress drops and apparent stresses, which are products of the rigidity and scaled energies, of analyzed 20 microearthquakes in this study. We can clearly see that both static stress drops and apparent stresses (or scaled energies) are of the same order of values for larger earthquakes. different from larger earthquakes. On the other hand, some previous studies suggested that smaller earthquakes have smaller scaled energies. Considering both of these conclusions, we suggest that smaller earthquakes have larger spread of the stress drop and the scaled energy compared to large earthquakes. Understanding this large variation in source parameters and the scaling with earthquake size is important for understanding physical processes of the earthquake rupture.
